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 The use of robotics in rehabilitation of stroke patients has not been extensively 
researched yet. Many studies were performed on the rehabilitation of the upper 
extremities using arm exoskeleton; the results shown by these studies show a positive 
effect in the rehabilitation of patients. This project is concerned with performing a 
study on two different controllers for the arm in order to provide an optimized 
controller for use in an arm exoskeleton as well as to study the most effective control 
technique. In the future, an exoskeleton arm can be built to be used in non-
specialised or domestic settings for rehabilitation of stroke patients using the same 
control technique as the one chosen in this project as the better performing controller. 
PID, Fuzzy logic and Fuzzy PID controllers will be simulated on a DC motor model 
and the results will be compared and the better control technique will be 
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CHAPTER 1: PROJECT BACKGROUND 
1.1 BACKGROUND STUDY 
Stroke is one of the main causes for morbidity and mortality and the most common 
cause for disability. It states that 85% of stroke patient suffer from acute arm 
impairment 40% are either chronically or permanently disabled [1]. In [2], the author 
was concerned with finding an optimum training program for chronic stroke patients 
with an arm exoskeleton. 
The aim of this project is to develop a control system to be used in the future in an 
exoskeleton that is used for rehabilitation in a non-specialised or domestic setting. 
Robots have been shown to have a positive effect on limb rehabilitation and 
developing rehabilitation robots for use outside of specialist rehabilitation centres 






Figure 1: Arm Exoskeleton 
For the simulation of the controller and the exoskeleton arm, Matlab Simulink is used 
to simulate a model of the motor that fits the requirements to be used in the arm. The 
controller and the DC servo motor selected will then be simulated under different 
load conditions and the controller efficiency can be determined by the simulation 
results. 
Two control systems will be used in this project and their results will be compared. 
The first system is the conventional PID control system which is more common and 
widely used with motors but has some drawbacks. The second control system is a 




The motor used in this project needs to be carefully selected to make sure that it can 
be used in an exoskeleton arm in order to increase the reliability of the results in 
actual use in an arm exoskeleton. The loads that need simulated must be close to the 
actual loads that the system is subjected to in actual implementation. 
1.2 PROBLEM STATEMENT 
Limb rehabilitation tends to be quite repetitive, with the subject repeating the same 
movements many times. Robots are ideal at performing intensive, repetitive 
activities, which first led to them being used in rehabilitation research. To date, 
research has shown that robots have potential in the effective rehabilitation of limb 
impairment. However, it is still not fully known if some approaches to controlling 
and administrating robot mediated therapy are more effective than others, or, if the 
specific benefits of the many approaches to robot rehabilitation are ultimately 
relatively insignificant compared to the effects of frequency, duration and intensity of 
treatment. 
1.3 OBJECTIVES  
The objectives of the project are: 
1. To simulate various PID based control systems on a DC servo motor model 
and measure its efficiency 
2. To simulate Fuzzy Logic based control system on a DC servo motor model 
and measure its efficiency 
3. To determine which control system is more effective for future use in an arm 
exoskeleton 
1.4 SCOPE OF STUDY 
This project requires studies in control systems and their implementation on robotic 
arms as well as the study of the natural motion of human arm to deliver accurate 
results. This project also requires simulating a DC servo motor model under different 
loads with different control systems which requires studies in the use of Simulink 






CHAPTER 2: LITERATURE REVIEW 
 
2.1 ARM DYNAMICS 
Study performed in [3] in order to study the kinematics and the dynamics of the 
human arm during daily activities, with the purpose of designing a seven degree of 
freedom powered exoskeleton. A motion capture system was used to capture a 
variety of activities and a seven degree of freedom model was used. The model was 
used with the help of the equations of motion to calculate the joint torques which will 
be of great help in this research. 
”The human arm has seven DOF: Abduction/adduction and flexion/extension of the 
shoulder; rotation of the upper arm; flexion/extension of the elbow; rotation of the 
forearm; and radial/ulnar deviation and flexion/extension of the wrist” [4]. The 
exoskeleton should have torque abilities matching that of the arm. The study includes 
references for the values required to identify all the seven degrees of freedom of the 
arm that are shown in the table 1. 
 
Table 1: Reference Arm angles and torques 
 
2.2 REHABILITATION 
The study in [5] showed the studies that were required to build a prototype 
exoskeleton arm with 7 degrees of freedom and it showed the improvements added to 
previous models and studies in the control part of the project. Project in study [6] 
also created a prototype but the model was a 5 degree of freedom arm and utilising a 




2.3 Feedback Systems 
There are many control schemes that can be used for controlling the motion of the 
arm exoskeleton. Study in [5] used an encoder feedback system that will ensure that 
the motors are working correctly. The control system is shown in figure 2. An 





Figure 2: Feedback control of motors 
 
 The research conducted in [6] suggests that controlling the exoskeleton can be 
performed by the electromyography signals from the arm muscles and a controller to 
transform these signals into motion commands for the exoskeleton arm. 
The researches in [1] and [7] employed a non-linear computed torque control and a 
linear PID control techniques. The study in [1] shows great stability of the control 
system and the calculated numbers were well within the acceptable range set by the 
author. Study [8] utilised a similar PID control technique with the addition of an 
embedded Harmonic drive transmission (HDT) and Elmo servo driver. The use of 
friction compensation and gravity compensation has positively affected the results of 
the controller. In [9], a brain computer interface is used in wirelessly controlling the 
arm exoskeleton for the stroke patient rehabilitation process. 
2.4 PID versus Fuzzy logic 
Paper [10] discussed the difference between the conventional PID controller and 
Fuzzy logic controller arguing that Fuzzy logic provides much better results than 
conventional PID systems under varying loads and disturbances. When using the PID 
system under different load conditions and noise, the system is not adaptive and the 
response is bad. On the other hand, the Fuzzy logic controller provides much better 
results than conventional PID systems. 
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Study in [10] also shows that in case of PI subsystem failure, conventional PID 
controller fails to handle this failure but Fuzzy controller can handle that failure well 
and can still perform well. 
 
Table 2: Comparison between Conventional PID and Fuzzy PID 
Control System Advantages Disadvantages 
Conventional PID 
- Depends on accurate 
calculation of parameters 
- Better overall system 
performance for simple 
systems 
- Not very flexible in case 
of load disturbance and 
noise disturbance 
- Hard to tune for complex 
non-linear systems 
Fuzzy Logic 
- Easy to design 
- Intuitive 
- High steady state error 
- Long settling time 
Hybrid Fuzzy PID 
- Better noise rejection 
- More flexible 
- Uses human knowledge, 
not accurate mathematical 
model 
- Less sensitive to inertia 
Variation 
- Less accurate than 
calculated conventional 
PID parameters 





Most previous studies used a conventional PID controlling technique and considered 
it as the best technique that can be used for controlling the exoskeleton arm. The 
system is combined with various feedback systems such as encoder feedback and 
torque control systems. Conventional PID control is well established in text books 
and research and proven to play a major part in industry. On the other hand, Fuzzy 
logic controller is less common. 
12 
 
Conventional PID control has been used in papers [1], [7], [8], [17], [18], [22], [24] 
and [25] and these papers have shown commendable results. On the other hand, 
researches in [11], [14], [16], [19], [20], [21], [25], [26], [27] and [28] used Fuzzy 
control for the exoskeleton arm and got good results. The purpose of this paper is to 
determine the best control technique for the arm. 
According to [12], conventional PID controller is simple, stable and easily 
adjustable. But in the case of parameter variability and uncertainty of the system, 
tuning the PID control parameters would be extremely difficult and would have poor 
robustness. On the other hand, Fuzzy PID control is a better method for controlling 
complex and unclear systems. Fuzzy PID has good adjustability to the system 
changes and noise. It has proven to be effective for imprecise processes which are 
difficult to control using conventional PID method. Results of [12], [14] and [26] 
show the superiority of Fuzzy PID over conventional PID in cases which 
conventional PID fails to adapt to the changes in the system and load. 
The authors in [13], [14] and [26] also discussed the lack of flexibility of the 
conventional PID controller as opposed to Fuzzy PI controller type I and type II. The 
author compared the performance of type I and type II PI Fuzzy Logic controller and 
the results show that type II has better results than type I Fuzzy controller. The 
improvement was shown when dealing with load disturbance and noise added to the 
system. 
Hybrid Fuzzy PID controller can be used in order to optimize the performance of the 
controller [23]. Hybrid Fuzzy PID controller was used in papers [13], [16], [25], [27] 
and [28] and their results show good system response and in [13] and [27] a 
comparison is held between Fuzzy and Hybrid Fuzzy and the results show that the 








CHAPTER 3: METHODOLOGY 
 
3.1 RESEARCH METHODOLOGY 
 
 
Figure 3 shows an overall view of the flow of work to be done in the project 
 
 









Preliminary Research  









3.2 PROJECT ACTIVITIES 
 
Figure 4 shows the details of each step in the process flow. 
 
Figure 4: Detailed process flow 
• The first stage of the project is data collection 
stage through online resources and article research 
for similar research materials and similar studies. 
The main objective of this stage is to define the 
project objectives and estimate required materials. 
Preliminary Research 
• The data collected in the preliminary research 
stage is to be analysed and a general idea of the 
methodology is formulated. Data analysis is 
necessary in the process of determining the 
material that is needed in the prototype building 
stage. A financial analysis is performed as well. 
Analysis of data 
• Using software to simulate the motor movement and 
measure accuracy of PID control system used. 
Simulating PID 
controller 
• Using software to simulate the motor movement and 
measure accuracy of Fuzzy Logic control system used. 
Simulating Fuzzy Logic 
controller 
• From the result obtained, a discussion is performed 
about the extent of success of the project and the 
prototype and further improvements required 
Discussion of result 
• Final project conclusion. Conclusion 
• Recommendation for future work is provided for 
improvement and development of hardware as well as 





3.3 KEY MILESTONE 
 
Table 3: Project milestones 
No. Item/Week 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 Simulation 
PID  
              
2 Simulation 
Fuzzy Logic 
              
3 Progress 
report 
              
4 Final Paper                
5 Technical 
Paper 





              
 
3.4 GANTT CHART 
 
Table 4: Gantt chart 
No. Item/Week 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 Simulation 
PID  
              
2 Simulation 
Fuzzy Logic 
              
3 Data 
collection 
              
4 Final Paper                
5 Technical 
Paper 




3.5 TOOLS & SOFTWARE REQUIRED 
Tools & software that will be used throughout the project are: 
 Matlab 
 Simulation tool (Simulink) 
 
3.6 Project Methodology 
Motor Selection 
High torque, small size DC servo motor is selected for the motion of the robotic arm. 
A DC motor was selected as DC motors have better starting torque than AC motors. 
 
Motor Modelling 
Using previous motor models, a DC servo motor can be modelled using the 
following block diagram where the input is the voltage supplied to the motor and the 
output is the speed of the motor rotation. The load can be adjusted in the model to 
show the effect on the DC motor performance. 
 
Figure 5: DC Motor Block Diagram 
 
By reducing the block diagram model, the following second order transfer function 















Figure 6: DC Motor Transfer Function 
Where: 
- w(s) is the motor angular speed 
- v(s) is the voltage supplied to motor 
- Km is the motor constant 
- R is the rotor armature resistance 
- L is the armature inductance 
- J and b are moments of inertia 
- K is approximately the same as Km 
 
 
Using the motor specifications from the datasheet, the transfer function parameters of 
the motor can be specified and simulated using matlab. 
 








Conventional PID Controller Simulation 
The transfer function is used in Simulink and PID controller is added to the motor 
while using unity negative feedback closed loop system. The response of the system 
is then measured under different load conditions to specify the efficiency of the 







Figure 8: Simulink PID Block Diagram 
 
Fuzzy Logic Controller Simulation 
Fuzzy Logic toolbox is used to create a Fuzzy controller which is created by 
specifying inputs and the membership functions for each input. Next, a set of rules 
are created in order to specify the relationship between the inputs and the outputs. 
The most important point is to specify the type, number and overlap of the 
membership functions. In this project, a variation of 3, 5 and 7 membership functions 
will be used as Triangular membership functions. A balanced configuration will be 
used for all types of membership functions. Figures 9 to 11 show the selection of the 
type of the membership functions and their number. 
 




Figure 10: Five Triangular MFs 
 
 
Figure 11: Seven Triangular MFs 
 
After creating the Membership functions for all inputs and outputs, a set of rules are 
specified to define the relation between the inputs and the outputs. Shown in figure 
12 is the set of rules used for three Triangular MFs. 
 
Figure 13: Rule set for three Triangular MFs 
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Finally, the Fuzzy block in Simulink is used and the motor model is added to it in 
order to perform the simulation. It is also possible to add different loads to test the 
controller performance under disturbances. Figure 14 shows the model that was used 
to simulate the Fuzzy controller. 
 
 
Figure 14: DC Motor Fuzzy Controller model 
 
 
Hybrid Fuzzy PID Controller Simulation 
Using the same Motor model and the Fuzzy controllers designed previously, a 
Hybrid PID Fuzzy controller can be used to control the DC motor and the system can 














CHAPTER 4: RESULTS AND DISCUSSION 
4.1 Results 
PID Controller 
The DC Motor response to a step input with unity feedback and no controller can be 
seen in figure 16 and it is as expected having a steady state error and high settling 
time and overshoot. 
 
Figure 16: DC Motor with unity Feedback step response 
 
After adding a P controller to with Kp specified by Simulink PID tuning tool, the 
response is as shown in figure 17. 
 
Figure 17: DC Motor with P controller step response 
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Next is adding a PD controller to with Kp and Kd specified by Simulink PID tuning 
tool, the response is as shown in figure 18. 
 
Figure 18: DC Motor with PD controller step response 
 
Next is changing the controller to a PI controller to with Kp and Ki specified by 
Simulink PID tuning tool, the response is as shown in figure 19. 
 





Next, changing the controller to a PID controller to with Kp, Ki and Kd specified by 
Simulink PID tuning tool, the response is as shown in figure 20. 
 
Figure 20: DC Motor with PID controller step response 
 
Adding load 1 to the motor after 1 second, the step response is as shown in figure 21. 
 
 






Adding load 2 to the motor after 1 second, the step response is as shown in figure 22. 
 
Figure 22: DC Motor with PID controller load 2 step response 
 
 
Fuzzy Logic Controller 
Simulating Fuzzy Logic controller using Simulink after creating the model is 
performed using the three controllers created with 3, 5 and 7 membership functions 
and using no load, load 1 and load 2 as load disturbance for the system. The results of 
the simulations can be seen in figures 23 to 31. 
 
 




Figure 24: DC Motor with 3 triangular MFs Fuzzy controller (load 1) 
 
 
Figure 25: DC Motor with 3 triangular MFs Fuzzy controller (load 2) 
 
 




Figure 27: DC Motor with 5 triangular MFs Fuzzy controller (load 1) 
 
 








Figure 30: DC Motor with 7 triangular MFs Fuzzy controller (load 1) 
 
 













Hybrid Fuzzy PID controller 
Next is simulating the PID Fuzzy controller that is created in Simulink. Figure 32 to 
40 show the step response of DC motor with different type of Fuzzy controller and 
with different loads. 
 
Figure 32: DC Motor with 3 triangular MFs Fuzzy controller (no load) 
 
Figure 33: DC Motor with 3 triangular MFs Fuzzy controller (load 1) 
 




Figure 35: DC Motor with 5 triangular MFs Fuzzy controller (no load) 
 
Figure 36: DC Motor with 5 triangular MFs Fuzzy controller (load 1) 
 





Figure 38: DC Motor with 7 triangular MFs Fuzzy controller (no load) 
 
Figure 39: DC Motor with 7 triangular MFs Fuzzy controller (load 1) 
 





Table 5 shows the results summary for the PID controller. As obvious from the 
numbers, the PID system is giving the best system response. Also as expected, the 
PID controller has good results when there is no load disturbance but as can be seen 
in figures 21 and 22.  
Table 5: PID controller response summary 




3.87 4.75 0.0598 0.0592 
Steady 
State (volt) 
0.999 1 0.999 1 
Percentage 
Overshoot 
74.40% 79.30% 0% 0% 
 
 
After introducing load disturbance after one second, the system response is affected 
greatly and takes a lot of time to recover which is more obvious in the case of the 
higher load 2. Table 6 shows a comparison between PID with no load and PID with 
different loads showing the inefficiency of PID controller in handling load 
disturbance. 
Table 6: PID controller response to load disturbance 




N/A 5.576 7.213 
Steady 
State (volt) 
1 0.98 0.963 
Percentage 
Overshoot 





The results shown in table 5 and 6 are expected from the PID controller. At first, only 
a P controller is used which fails to improve the settling time and the overshoot of the 
response. The P controller only makes the rise time of the response much faster. 
After that, the PI controller is introduced which improves the steady state error but 
does not do much to improve the overshoot. Next, the PD controller is introduced 
which succeeds in reducing the overshoot to 0 which in turn decreases the settling 
time. Finally, the PID controller combines all the good pints of the previous 
controllers causing a good response as shown in figure 20 and from the results in 
table 5. After introducing loads, the system is very slow to react and recover to 
steady state which is obvious in figures 21 and 22. 
 
Fuzzy Logic Controller 
Using Fuzzy Logic Controller with 3, 5 and 7 membership functions and testing them 
with different loads shows the results that can be seen from figures 23 to 31. The 
results show that as the number of MFs increases, the response improves and the 
steady state error which is very high decreases. Table 7 shows a comparison between 
the efficiency of Fuzzy controllers versus the number of MFs. 
Table 7: Fuzzy controllers with different number of MFs 




6.23 4.566 4.531 
Steady 
State (volt) 
0.81 0.995 1 
Percentage 
Overshoot 
3.4% 20% 18% 
 
Introducing loads after 10 seconds shows the effect of load disturbance on Fuzzy 
controllers and the result is as expected showing that Fuzzy controller with 7 MFs 
has the best recovery. It is also obvious from the simulation results that loads affect 
the steady state value of the response creating steady state error. Table 8 shows a 












































N/A 3 3.2 N/A 2 2.9 N/A 1.8 2.8 
Steady 
State (volt) 0.81 0.72 0.698 0.995 0.98 0.95 1 0.99 0.97 
 
 
Hybrid Fuzzy PID Controller 
Using Fuzzy Logic Controller with 3, 5 and 7 membership functions mixed with PID 
controller in a Hybrid system and testing them with different loads shows the results 
that can be seen from figures 32 to 40. The results show that the Hybrid system is the 
best overall system in case of dealing with load disturbance and recovery time. Table 
9 shows a comparison between the efficiency of Fuzzy PID controllers versus the 
number of MFs. 
Table 9: Fuzzy controller response summary 




0.277 0.055 0.052 
Steady 
State (volt) 
1 1 1 
Percentage 
Overshoot 
3.7% 1.4% 0.8% 
 
 
Introducing loads after 1 second shows the effect of load disturbance on Hybrid 
Fuzzy PID controllers and the result is as expected showing that Fuzzy PID 
controller with 7 MFs has the best recovery. The load disturbance affects the steady 
state value of the response creating steady state error which is much smaller than that 
of Fuzzy controller. Table 10 shows a comparison between different Fuzzy PID 
















































N/A 0.23 0.26 N/A 0.18 0.22 N/A 0.15 0.19 
Steady 
State (volt) 1 0.99 0.98 1 0.997 0.994 1 0.999 0.999 
 



















6.23 4.566 4.531 0.277 0.055 0.052 0.0592 
Steady 
State (volt) 




3.4% 20% 18% 3.7% 1.4% 0.8% 0% 
 
A comparison between the best controllers with no load is shown in table 11 and it 
shows that the Hybrid Fuzzy PID controller is the best overall system when 
considering settling time as well as recovery from load disturbance. On the other 
hand, conventional PID has the superiority in overshoot percentage. For the case of 
steady state error, both Fuzzy PID and conventional PID have the same accuracy. 








CHAPTER 5: CONCLUSION & RECOMMENDATION 
 
5.1 CONCLUSION 
The focus of this project is developing the best control scheme for a functioning arm 
exoskeleton for rehabilitation of stroke patients who suffer from partial or permanent 
disability in their upper extremities. A comparison between the effectiveness of 
controllers (PID, Fuzzy logic and Fuzzy PID) is performed and the results show that 
for simple undisturbed systems, the PID controller provides a better response from 
the system and can be used for these applications. On the other hand, while dealing 
with complex systems that are subject to variable disturbances and noise like our 
system in the exoskeleton, the Fuzzy PID logic controller provides a better system 
response. 
This project is expected to greatly impact the lives of patients who suffer from 
disabilities due to stroke of other reasons as well as a platform for developing full 
body exoskeleton for body enhancement and increasing strength. 
 
5.2 FUTURE WORK 
The next stage of this project is to build a functioning arm exoskeleton for actual use 
as a feasible product for stroke patients using the control system devised in this 
project. A feedback signal source for the motor controller can be generated using 
buttons as an initial stage and then developing into a signal generating from muscle 
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